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In response to large reductions in sulphur (S) emissions over the past 30 years, sulphate (SO42) con-
centrations in precipitation at Plastic Lake in south-central Ontario, Canada, have declined by more than
70%. More recent decreases in NOx emissions have similarly led to a reduction in nitrate deposition (NO3)
and consequently the pH of bulk precipitation has increased by approximately 0.8 pH units since 1980.
Despite the large decrease in acidic deposition, chemical recovery of the streams, as measured by an
increase in pH and decrease in aluminum (Al), has been much less than expected, primarily due to losses
of base cations from the shallow, base-poor soils. While nitrogen (N) is almost totally retained within the
terrestrial catchment, S export continues to exceed inputs measured in bulk deposition and during the
early part of the record approximately 70% of the anions in streams were buffered by calcium (Ca2þ) and
magnesium (Mg2þ) compared with only 60% in 2011/12. In the wetland-draining stream (PC1), peak
depressions in stream pH and peaks in SO42 and Al concentration in the fall are signiﬁcantly positively
correlated with annual drought days deﬁned as the number of days when stream ﬂow ceases. Even
though reductions in SO2 and NOx emissions in Canada have resulted in large improvements in pre-
cipitation chemistry, the combined inﬂuence of soil acidiﬁcation and climate-mediated biogeochemical
processes occurring in wetlands cause acidiﬁcation-related issues to persist. Forecasting the longer-term
response of soils and surface waters in light of these observations is required to fully assess the need for
further emission reductions.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Acid deposition has been a major environmental concern in
Europe and eastern North America since the 1960se1980s (Likens
et al., 1996). In both regions, large numbers of lakes were found
to be acidic and there were widespread concerns over adverse
impacts on forested and aquatic ecosystems (Likens et al., 1979).
Beginning in the late 1960s various policy actions were imple-
mented to greatly reduce SO2 emissions and more recently NOxough).
Ltd. This is an open access article uemissions (Environment Canada, 2004). Large reductions in SO42
deposition were expected to promote chemical and biological re-
covery in aquatic ecosystems, but initial responses to reduced
emissions were mixed (Clair et al., 2011; Jeffries et al., 2003;
Stoddard et al., 1999). Both Stoddard et al. (1999) and Skjelkvale
et al. (2005) for example, synthesized trends in aquatic chemistry
in Europe and eastern North America and found that in many re-
gions the decline in S deposition was greater than the corre-
sponding decline in surface water SO42. Furthermore, the increase
in pH and ANC (acid neutralizing capacity) was often less than
expected and was attributed to corresponding declines in base
cation export and increasing dissolved organic carbon (DOC) con-
centrations (Evans et al., 2006; Lawrence et al., 2011; Monteithnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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More recently, Strock et al. (2015) reported that there has been
an acceleration in the rate of recovery from acidiﬁcation in the
northeastern United States. This assessment was primarily based
on changes in surface water SO42 concentrations as Strock et al.
(2015) reported that both ANC and pH continue to have variable
trends and the authors concluded that continued monitoring is
needed to ascertain the potentially antagonistic or additive in-
teractions between reduced S emissions and changes in the fre-
quency and intensity of extreme wet and dry years. Indeed,
Mitchell and Likens (2011) suggested that S biogeochemistry was
shifting from atmospheric dominance to climatic regulation and as
atmospheric S deposition declines, climatewill play an increasingly
important role in regulating S budgets and the amount of SO42
mobilized from internal watershed sources (Mitchell et al., 2013). In
Quebec, Houle et al. (2010) reported that improvements in acid
base status at 47 lakes could not be attributed solely to a decrease in
SO42 deposition, but that climate variations were more important.
In particular, Houle et al. (2010) noted that higher annual air tem-
peratures were more often correlated with the alkalinity and pH of
lakes than were rates of decreasing SO42 deposition. Similar in-
ﬂuences of temperature on surface water chemistry have been re-
ported for alpine lakes in Europe (Sommaruga-Wӧgrath et al.,
1997).
In Ontario, Reid and Watmough (2016) found that declines in
calcium (Ca2þ) andmagnesium (Mg2þ) concentrations were similar
to decreases in SO42 concentration at 104 lakes between the 1980s
and 2000s resulting in minimal improvement in surface water
chemistry. Watershed studies examining ion mass balance in the
early 1980s and late 1990s suggest that export of base cations from
acid-sensitive catchments in Ontario and elsewhere exceeds the
combined inputs from atmospheric deposition and mineral
weathering (Watmough et al., 2005). In addition, summer droughts
result in elevated SO42 export primarily due to oxidation of S in
organic soils, further contributing to the delay in recovery from
acidic deposition (Kerr et al., 2012). The impact of summer drought
on stream SO42 has been shown to persist for several months
(Eimers et al., 2008a), although peaks in Al and depressions in pH,
which are critical to biota, may occur over relatively short periods
(days) (Neff et al., 2009). These short-lived acidic episodes could be
missed in routine monitoring programs that have weekly, fort-
nightly or monthly sampling regimes.
In light of these observations, the objective of the present study
was to evaluate long-term (30þyear) patterns in bulk deposition
and stream chemistry at a regionally representative forested
watershed in central Ontario to determine whether the large re-
ductions in SO2 and more recently, NOx emissions have prompted
chemical recovery. A major focus of this work was to provide
insight into the biogeochemical processes that may be delaying
chemical recovery of aquatic ecosystems.
2. Methods
2.1. Study area
The two study sites are located in the Plastic Lake watershed in
Haliburton County on a southern extension of the Precambrian
Shield in Ontario, Canada (45110 N, 78500 W), and is typical of
acid-sensitive watersheds in this region (Fig. 1). The 32 ha
headwater-lake is fed by one major stream (PC1) and 6 ephemeral
streams, which together drain an area of approximately 90 ha.
Plastic Lake-1 (PC1) is the largest sub-catchment (23.3 ha) in the
watershed, and is characterized by thin (average depth 0.37 m to
bedrock) orthic humo-ferric and ferro-humic podzols (Watmough
and Dillon, 2004), formed from thin, sandy basal tills. The forestat Plastic Lake is dominated by white pine (Pinus strobus), eastern
hemlock (Tsuga canadensis), red oak (Quercus rubra), and redmaple
(Acer rubrum) in the upland areas, and by white cedar (Thuja
occidentalis) and black spruce (Picea mariana) in the swamp. A
2.2 ha conifer-Sphagnum swamp is located approximately 50 m
upstream of the catchment outﬂow and more than 85% of the
runoff from the Plastic Lake catchment drains through the swamp
before discharging to the lake. A short (<250 m) ephemeral stream
(PC1-08) drains the northeastern upland part of PC1 before dis-
charging into the swamp.
2.2. Bulk precipitation
Deposition data were obtained from collections of bulk depo-
sition, deﬁned as that caught in a continuously open, 0.25 m2 col-
lector. The collectors were ﬁtted with Teﬂon-coated funnels that
are screened (80 mm Nitex mesh) to prevent contamination by in-
sects and debris. Precipitation samples were removed from col-
lectors when there was sufﬁcient volume for chemical analyses,
typically weekly. Analytical methods for Ca2þ (CA8), Mg2þ (MA4)
Kþ (PH1), Naþ (SC1), SO42 (SH13), NO3 (NB1) and NH4þ (NA1) are
outlined in detail in Ontario Ministry of Environment (1983) and
were unchanged during the study period. Brieﬂy, base cations were
measured by atomic absorption spectrophotometry, SO42 by ion
chromatography and NH4þ and NO3 were determined through
colorimetry. Precipitation volume and volume-weighted concen-
trations were calculated for each water year (June 1eMay 31). On
the rare occasions when data were missing the average precipita-
tion values from three nearby (within 50 km) bulk collectors (or
stream ﬂow from nearby weirs with highly correlated discharge
relationships) were used.
2.3. Stream export
Water level or stage was recorded continuously at a V-notched
weir installed at each catchment outﬂow (PC1 and PC1-08), and
daily stream discharge (m3 d1) was computed using established
stageedischarge relationships. Stream data were unavailable for
water years 2003/04 and 2004/05 at PC1 and PC1-08 due to weir
replacement and upgrades, and also between 1995/96 and 1999/00,
inclusive at PC1-08 due to monitoring cutbacks. Monitoring of PC1-
08 stream chemistry began in 1983. Water samples for chemical
analyses were collected at the weir at regular intervals (at least
biweekly) when there was ﬂow, although sampling was more
frequent during the spring melt period. Water samples were
ﬁltered through 80 mm Nitex mesh in the ﬁeld, and transported to
the laboratory for chemical analyses in insulated containers. Filters
(Nitex mesh) were rinsed in deionized water in the laboratory and
rinsed in stream water immediately prior to sampling. Stream
sampleswere analyzed for Ca2þ, Mg2þ, Kþ, Naþ, SO42, NO3 and NH4þ
as deﬁned above. In addition, samples were analyzed for Kjeldahl N
(TKN) (NE1) and dissolved organic carbon (DOC) (CB13) and Al
(MD21) using standard methods (Ontario Ministry of Environment
(1983)). The contribution of organic acids to the ion balance was
estimated frommeasured DOC concentrations and pH (Oliver et al.,
1983) and ANC (acid neutralizing capacity) was estimated as the
difference between base cations (Ca2þ, Mg2þ, Naþ, Kþ) and acid
anions (SO42, NO3, Cl).
2.4. Intensive stream monitoring: climate effects analysis
Stream samples at PC1 were collected daily (once every 24 h)
between May 1st and October 31st, 2012 using an automated
ISCO™ sampler housed in a heated hut above the v-notch weir,
where streamﬂow is continuously gauged. The ISCO™ sampling
Fig. 1. Location of the study catchment (PC1) in central Ontario.
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entrainment of sediment in the weir pool. Samples were collected
and returned to the lab every week for chemical analysis as
described above.2.5. Sulphur and base cation catchment budgets
Sulphur and base cation mass balance budgets (kg ha1 yr1)
were estimated for PC1 and PC1-08 for each water year that data
were available between 1980/81 and 2011/12. Sulphur budgets
were estimated as the difference between bulk deposition and
stream export. Dry deposition is uncertain and for simplicity in this
paper it was estimated to be 20% (Neary and Gizyn,1994) and this is
added to bulk deposition and assumed to represent total Sdeposition. Base cation budgets were calculated as the sum of in-
puts in bulk deposition (plus 20% for dry deposition; Neary and
Gizyn, 1994) and mineral weathering less annual stream export.
Base cation weathering rates at Plastic Lake were obtained from
previously published estimates that compared three different
methods (PROFILE, Zr-depletion and element depletion)
(Watmough and Dillon, 2004) and the average weathering rate for
each base cationwas used. Forest surveys have indicated that there
has been no net forest growth (growth of individual trees has been
offset by death of some trees) at Plastic Lake since the early 1980s
(Watmough and Dillon, 2004) so forest uptake was assumed to be
zero.
Soil surveys conducted in the late 1990s indicated that
exchangeable soil Ca2þ pools had declined by 30% over the
S.A. Watmough et al. / Atmospheric Environment 146 (2016) 15e2718preceding two decades (Watmough and Dillon, 2004). Repeat soil
samples were not available for 2011/12 so changes in exchangeable
pools were evaluated using stream chemistry data following ap-
proaches described by Watmough and Dillon (2003). Brieﬂy, the
response of individual cations Ca2þ and Mg2þ (Fy) (or buffer slope)
in stream water to changes in anion export can be calculated as:
Fy ¼
z2y ½yP
z2i Ci
where [y] and zy are the concentration (mmol L1) and valence,
respectively, of the base cation of interest and S is the change in the
sum of strong acid plus organic anions (OA), zi is the ionic valence,
and Ci is the concentration of all ions that directly or indirectly
participate in heterogeneous equilibrium reactions within the
catchment (in mmol L1) (Watmough and Dillon, 2003). At PC1 and
PC1-08, SO42, OA, and Cl are the dominant anions in stream
water. Nitrate does not contribute greatly (<1%) to the acid anion
load (mean volume-weighted NO3 concentration in stream water
between 1980/1981 and 2011/2012 was 1.70 meq L1 and
0.29 meq L1, at PC1 and PC1-08, respectively), and so NO3 was
excluded from the calculations.
Previous studies have shown that there was no signiﬁcant
decrease in exchangeable soil Mg pools between 1983 and 1999
(Watmough and Dillon, 2004). If we therefore assume that there
was no net loss of Mg over the 30 year period (a conservative es-
timate), the loss of Ca from the exchangeable soil pool between
1983 and 2011 can be calculated using a generalized formulation of
the Gaines-Thomas equation:

Ca2þ


Mg2þ
 ¼ Kgt
ðCa2þ
ðMg2þ
where parentheses ( ) denote soil exchange phases; brackets [ ]
denote solution phase; and Kgt is the Gaines-Thomas selectivity
coefﬁcient, a constant. The exchangeable Ca2þ and Mg2þ pools
measured at PC1 in 1983 were 995 and 191 mequiv m2, respec-
tively (Watmough and Dillon, 2003).
2.6. Statistical analysis
A Seasonal Kendall test (treatingmonths as seasons) was used to
determine trends in stream water and bulk deposition chemistry
and FCa and FMg (Hirsch and Slack, 1984). This method was chosen
as it is robust against seasonality, missing values and autocorrela-
tion and has been used extensively for assessing the chemical
response of surface waters to declining acid deposition (Helsel and
Hirsch, 2002). Correlations between the total number of annual
drought days (when stream ﬂow was 0) and maximum daily fall
(SeptembereNovember) SO42, and fall Al concentration and mini-
mum daily fall pH were tested using Pearson correlation analysis
after conﬁrming assumptions of normality (Lillie normality test).
3. Results
3.1. Bulk precipitation
There was no signiﬁcant change in mean annual temperature
(5.1 ± 0.8 C) or precipitation (1.00 ± 0.11 m) over the 30þ year
study period (Table 1). In contrast, there have been signiﬁcant de-
clines in deposition SO42 and NO3 concentrations reﬂecting re-
ductions in eastern North American SO2 and more recently, NOx
emissions (Table 1; Fig. 2). Annual SO42 concentrations in bulk
deposition declined steadily by approximately 70% over the studyperiod, while NO3 concentrations declined more abruptly post
2000. Concentrations of SO42 and NO3 in precipitation closely
follow trends in average annual Canadian air concentrations of SO2
and NO2, respectively. There was no signiﬁcant decrease in NH4þ or
Mg2þ deposition, but there was a small and signiﬁcant decrease in
Ca2þ deposition (Table 1). The much larger decrease in SO42 (and
NO3) deposition compared with Ca2þ, which resulted in a large
(~0.8 pH units) increase in the pH of bulk precipitation over the
study period (Fig. 2).
3.2. Stream chemistry
Therewere no signiﬁcant changes in runoff at either PC1 or PC1-
08 over the study period (Table 1). There was a signiﬁcant decrease
in SO42 concentration and ﬂux export in both the wetland (PC1)
and upland-draining stream (PC1-08) at Plastic Lake, although the
annual pattern in stream SO42 at both sites was quite different
(Fig. 3). The upland site (PC1-08) experienced a steady decline
(p < 0.001) in stream SO42 that was mirrored by declines
(p < 0.001) in stream Ca2þ and Mg2þ concentrations. In contrast,
annual SO42 concentrations at the wetland draining PC1 experi-
enced much greater inter-annual variability that was also corre-
lated with Ca2þ and Mg2þ. Stream DOC concentrations were higher
at PC1 compared with PC1-08 and increased signiﬁcantly
(p < 0.001) over the study period, although there was only a small
but signiﬁcant (p ¼ 0.038) increase in the annual ﬂux of DOC at PC1
(Fig. 3). There was no signiﬁcant change in annual Al concentration
or pH over the 30þ year record at both PC1 and PC1-08, although
therewas a small but signiﬁcant increase in ANC at PC1-08 that was
largely driven by high values during the last 2 years of record
(Table 1).
The fraction of acid anions (SO42, Cl, OA) buffered by Ca2þ
(FCa) and Mg2þ (FMg) was comparable at PC1 and PC1-08 (Fig. 4). At
the beginning of the study period, FCa was approximately 50% but
decreased signiﬁcantly (p < 0.001) to approximately 40% by the end
of the study period. The change in FMg in PC1 was signiﬁcant
(p¼ 0.004) but much smaller and not signiﬁcant at PC1-08. Around
20% of the acid anions were buffered by Mg2þ at PC1 and PC1-08.
Assuming no change in the exchangeable Mg2þ soil pool
measured in 1983, the exchangeable Ca2þ pool was estimated to
have decreased by approximately 30% (140e100 kg ha1) over the
30þ year record.
3.3. Sulphur and base cation mass balances
Mass balance estimates indicate that SO42 export almost always
exceeded inputs measured in bulk deposition at PC1 and PC1-08
(Fig. 5). Even if bulk deposition is increased by 20% to account for
additional dry deposition based on reported throughfall measure-
ments at the site (dashed line), SO42 export still exceeds inputs in
most years. Over the 30þ year record, SO42 export exceeded inputs
measured in bulk deposition (adjusted for dry deposition) at PC1
and PC1-08 by 7.95 and 10.7 kg ha1 on average, but could be more
than 20 kg ha1 in some years. Mass balance estimates for Ca2þ and
Mg2þ were mostly negative at PC1 and PC1-08 (Fig. 5) and ﬂuctu-
ated around zero (i.e. balance) for Na. During the early part of the
study period annual deﬁcits of Ca2þ and Mg2þ at PC1 and PC1-08
were typically 5e10 kg ha1, but by the end of the record mass
balance estimates ﬂuctuated around the zero mark, indicating that
the catchment is almost in balance with respect to base cation
budgets.
3.4. Climate effects at PC1
At PC1 maximum fall stream SO42 concentrations were
Table 1
Mann-kendall trends for mean annual temperature, precipitation, stream ﬂow and selected parameters at PC1 (wetland-draining stream) and PC1-08 (upland-draining
stream) between 1980 and 2012.
Analyte Mann Kendal Tau statistic and signiﬁcance level
t P
Annual mean temperature 0.19 0.132
Bulk deposition PC1 PC1-08
t P t P t P
Precipitation 0.04 0.756
Stream ﬂow 0.02 0.905 0.01 0.952
Concentration Flux Concentration Flux Concentration Flux
t P t P t P t P t P t P
ANC 0.148 0.248 0.39 0.014
pH 0.84 <0.001 0.21 0.096 0.00 1.000
SO42 0.88 <0.001 0.78 <0.001 0.44 0.001 0.44 0.001 0.81 <0.001 0.44 0.006
NO3 0.56 <0.001 0.58 <0.001 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
NH4þ 0.03 0.840 0.09 0.490 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ca2þ 0.24 0.049 0.29 0.019 0.56 <0.001 0.55 <0.001 0.81 <0.001 0.58 <0.001
Mg2þ 0.18 0.150 0.23 0.069 0.48 <0.001 0.44 <0.001 0.58 <0.001 0.42 0.008
Naþ 0.13 0.314 0.11 0.395 0.06 0.692 0.1 0.494 0.12 0.450 0.07 0.695
Al n.d. n.d. n.d. n.d. 0.16 0.202 0.12 0.359 0.23 0.150 0.13 0.415
DOC n.d. n.d. n.d. n.d. 0.48 <0.001 0.27 0.038 0.47 0.003 0.05 0.786
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number of days when stream ﬂow ceases (Fig. 6). Peak SO42 con-
centrations during the 2000's could be just as high as values
measured during the 1980s and 1990s. Similarly, peak depressions
in fall pH and maximum fall Al concentrations were also signiﬁ-
cantly correlated with annual drought days (Fig. 6). Detailed mea-
surements taken during 2011 provide further insight into the
mechanisms associated with the drought-induced acidiﬁcation.
Prior to the drought, in early summer, runoff decreased and DOC
concentrations at PC1 increased (Fig. 7). Stream SO42 concentra-
tions were very low suggesting reducing conditions exist and that
warming temperatures during the early summer increased C
mineralization, increasing DOC. During this period Al (total)
increased, most likely associated with the increase in DOC (Fig. 7).
Stream pH values were not available prior to the drought, but given
the fact that stream Ca2þ concentrations are much greater than
SO42, pH values would likely be relatively high and Al3þ would be
low. Following the summer drought, stream ﬂow at PC1 resumed,
but for the ﬁrst three weeks following drought runoff was relatively
low. During this period, DOC was lower than pre-drought values,
whereas stream SO42 increased dramatically. At the same time,
there was a large increase in base cations (e.g. Ca2þ) and pH values
ﬂuctuated between 5 and 6 and Al concentrations were lower than
pre-drought values. Stream ﬂow increased greatly at the beginning
of October, and this increase was associated with an increase in
DOC concentration, and a second large pulse in stream SO42. Cal-
cium concentrations similarly increased during this period, but
were unable to buffer the SO42 leading to a drop in pH of about 1 pH
unit and an increase in Al, which follows the theoretical gibbsite
dissolution curve (Fig. 7).4. Discussion
Patterns in SO42 and NO3 concentration in precipitation at
Plastic Lake closely follow average Canadian air concentrations of
SO2 and NO2, respectively (Environment Canada, 2015). Over the
30þ year period, S deposition at Plastic Lake declined by approxi-
mately 70% and NO3 deposition declined by approximately 50%.
These changes in SO42 and NO3 deposition are consistent with
deposition values reported for other regions of eastern NorthAmerica (Aherne et al., 2010; Houle et al., 2010; Driscoll et al.,
2003). There was a small, but signiﬁcant decrease in Ca2þ deposi-
tion, which has been reported in other studies (Lajtha and Jones,
2013). A reduction in base cation deposition may offset some of
the beneﬁts of reduced S and NOx emissions (Hedin et al., 1994), but
at Plastic Lake the decrease was small (<3 meq L1 compared with
~60 meq L1 for SO42 þ NO3) and consequently the pH of bulk
precipitation increased by approximately 0.8 pH units over the 30
year period. Similar increases in the pH of precipitation have been
widely reported in eastern North America and Europe (Aherne
et al., 2010; Clair et al., 2011; Lajtha and Jones, 2013). In contrast
to NO3, NH4þ deposition was unchanged reﬂecting the lack of
legislation on NH3 emissions in North America and despite Plastic
Lake being situated far from agricultural sources, reduced N
deposition is currently comparable to or beginning to exceed NO3
deposition.
Several large-scale synthesis studies have reported on lake
chemistry changes in response to large reductions in acidic depo-
sition over the past 2e3 decades (e.g. Garmo et al., 2014; Strock
et al., 2015). In general, most studies report an improvement in
surface water chemistry as measured by changes in lake SO42
concentration, but improvements in lake pH and ANC are more
variable (Garmo et al., 2014; Strock et al., 2015). Several reasons for
the varied response in pH and ANC have been proposed, including
an increase in DOC concentration (Monteith et al., 2007), changes in
mineral weathering (Houle et al., 2010), changes in within-lake
processes (Carignan, 1985) and the loss of base cations from soils
(Watmough and Dillon, 2003). While lake surveys are useful for
assessing large regional trends, they often lack the ability to iden-
tify key processes as export from catchments cannot be easily
separated from internal lake processes and changes in chemistry
may not be easily translated to changes in ﬂux due to varied lake
residence time and often un-reported hydrology. In contrast, the
examination of stream ﬂux data combined with soil measurements
may provide greater insight into the key mechanisms affecting the
chemical recovery of lakes.
At Plastic Lake there has been no change in mean annual tem-
perature, mean annual precipitation or stream ﬂow at PC1 or PC1-
08. This is in contrast to other parts of eastern Canada where a
signiﬁcant increase in mean annual temperature has been reported
Fig. 2. Annual volume weighted concentrations (1980e2012) of SO42, NO3, NH4þ, Ca2þ, Mg2þ and pH in bulk deposition at PC1. Average annual Canadian SO2 and NO2 concen-
trations also shown (bars) (Environment Canada, 2015).
Fig. 3. Annual volume weighted stream concentrations (1980e2012) of SO42, Ca2þ, Mg2þ, Naþ, pH, ANC, DOC, and Al at PC1 (wetland-draining stream) and PC1-08 (upland-draining
stream).
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response to the large reduction in S deposition, concentrations of
SO42 at PC1 and PC1-08 decreased signiﬁcantly over the 30 year
period, although inter-annual patterns in stream SO42 differed
markedly between PC1 and PC1-08. The upland draining stream
(PC1-08) was characterized by a monotonic downward trend in
SO42, similar to that in deposition, whereas stream SO42 at thewetland-draining stream (PC1) demonstrated large inter-annual
variability in SO42 concentration.
At both sites, export of SO42 exceeded SO42 inputs in bulk
deposition by more than 20 kg ha1 in some years. In this study we
augmented bulk deposition by 20% to account for unmeasured dry
deposition based on data reported by Neary and Gizyn (1994) yet
mass balance estimates showed more export than inputs in
Fig. 4. Change in the fraction of acid anions (SO42 þ Cl þ OA) buffered by Ca2þ (FCa)
and Mg2þ (FMg) at PC1 and PC1-08 and the estimated change in the exchangeable Ca
pool in PC1 (see text for details) between 1980 and 2012.
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from both the US National Emissions Inventory and the US (CAST-
NET) and the Canadian (CAPMoN) dry deposition networks to
develop a formulation that predicted SO2 concentrations as a
function of SO2 emissions, latitude and longitude at 15 sites in
eastern North America including Plastic Lake. Using this approach,
Mitchell et al. (2011) reported that bulk deposition underestimated
modelled total inputs at Plastic Lake by 1e2 kg S ha1 yr1. While
uncertainty still exists regarding total atmospheric S inputs, all
previous studies at Plastic Lake have reported S export exceeded
inputs in atmospheric deposition (Devito and Hill, 1997; Eimers
et al., 2008a; Mitchell et al., 2011). Mitchell and Likens (2011)
have reported similar net SO42 export in eastern North American
watersheds and have attributed the excess S to internal sources
such as SO42 desorption, S weathering or organic S mineralization
(Mitchell et al., 2013). Eimers et al. (2004a) suggested that net SO42
export from upland-draining PC1-08 was likely due to desorption,
as the pool of SO42 adsorbed in mineral soil is surprisingly large for
a geologically ‘young’ catchment and because both laboratory ex-
periments and ﬁeld lysimeter measurements clearly demonstrated
the responsiveness of adsorption/desorption to changes in SO42
inputs. In contrast, the source of net SO42 export at PC1 has been
attributed to the re-oxidation of reduced S within the swamp, as
stable S isotopic measurements have demonstrated the importance
of S redox processes for controlling the S budget within the PC1
wetland (Eimers et al., 2004b). Regardless of the source or mech-
anism, net export of S from catchments will result in greater inputs
to lakes than would be predicted from deposition estimates and
prolong the effects of S deposition. In contrast, NO3 and NH4þ
concentrations at PC1 and PC1-08 were consistently low, and
inorganic N export was negligible (0.12 and 0.02 kg N ha1) at both
sites thereby minimizing with risk of N-induced lake acidiﬁcation.
At both sites, the decrease in SO42 was matched by a decline in
Ca2þ and to a lesser extent Mg2þ concentration and there was no
signiﬁcant increase in stream pH at PC1 or PC1-08. In other studies,
a decline in base cation concentration has been similarly reported
to offset the beneﬁts of declining SO42 (Clair et al., 2011; Stoddard
et al., 1999), but this is not always the case (Garmo et al., 2014).
Strock et al. (2015), for example, recently reported that there has
been an acceleration in the recovery from acidic deposition in New
England Lakes as identiﬁed by large decreases in the SO42 con-
centration of lakes during the 2000s with little change in base
cation concentration. Despite these observations Strock et al. (2015)still failed to identify large scale increases in the ANC or pH of lakes.
The concentration of base cations in streams draining the shallow
soils such as those found at Plastic Lake was determined by the size
of the soil exchangeable pool and the combined acid ion export
(Kirchner et al., 1992). During the early part of the study period,
approximately 70% of the anions in streams were buffered by Ca2þ
and Mg2þ compared with only 60% in 2011/12. In particular, the
fraction of acid ions buffered by Ca2þ dropped from approximately
50%e40% at both sites, leading to a signiﬁcant decline in the stream
Ca2þ:Mg2þ ratio at both PC1 and PC1-08. Based on changes in
stream chemistry at PC1, the exchangeable Ca2þ pool at Plastic Lake
decreased from 140 kg ha1 to around 100 kg ha1 by the end of the
study period. Similarly, mass balance estimates using the mean
weathering rates estimated from 3 methods (PROFILE, Zr-depletion
and element depletion method: Watmough and Dillon, 2004),
suggest that mass budgets for Ca2þ and Mg2þ were negative,
especially during the early part of the study, but were approxi-
mately in balance by 2011/12. Consequently any further reductions
in acid leaching should promote an increase in the base saturation
in soils (as well as an increase in pH and alkalinity of streams).
Therewas a small but signiﬁcant increase in ANC at PC1-08, but this
was driven by high values during the last 2 years of record and a
similar spike in ANC in PC1-08 was observed in the early 1980s so it
remains uncertain as to whether chemical recovery at Plastic Lake
is underway. Reports on soil recovery are rare, although Lawrence
et al. (2015) recently reported that mineral soils in eastern North
America are beginning to recover from acidiﬁcation, with
exchangeable Al concentrations in soil appearing to be more
responsive than base saturation.
Sodium behaves conservatively in forested ecosystems and has
been used to assess whether mineral weathering rates have
changed (Bailey et al., 2003; Houle et al., 2010). There is no indi-
cation that weathering rates at Plastic Lake have changed over time
based on Naþ export, in contrast to suggestions for acid-sensitive
Quebec lakes (Houle et al., 2010), as Naþ budgets are approxi-
mately in balance over the entire study period. In other regions,
trends in base cations may differ because soils are in a later stage of
recovery, groundwater contributions are more important or
because weathering rates may be changing with increases in
temperature (Houle et al., 2010; Sommaruga-Wӧgrath et al., 1997).
At the upland-draining site (PC1-08), DOC concentrations were
generally low and DOC concentrations increased signiﬁcantly over
time suggesting that higher DOC concentrations could contribute to
the delay in pH increase. The reason for the higher DOC is unclear,
but it has been linked to declining S deposition, increased organic
ion mobility and changes in hydrology (Clark et al., 2005; Eimers
et al., 2008a). Notably, however, there was no signiﬁcant increase
in the annual ﬂux of DOC from the upland part of the watershed
(PC1-08), suggesting that the increase in DOC concentration is
more related to hydrology than changes in SO4 concentration. At
the wetland-draining site (PC1), in contrast, DOC concentrations
are much higher and increased signiﬁcantly over time and this
increase in concentration was associated with a small but signiﬁ-
cant increase in DOC ﬂux over the 30 year period. However, the
increase in DOC concentration at PC1 has previously been associ-
ated with seasonal changes in runoff rather than decreases in S
deposition (Eimers et al., 2008b).
Stream chemistry at PC1 is also characterized by large inter-
annual variability in SO42, base cations, pH and Al, which has
important consequences for aquatic biota in surface waters. Peaks
in fall SO42 concentration are associated with summer droughts
that cause a drop in wetland water table height leading to the
oxidation of stored S (Eimers et al., 2008b). Following the fall rains
this oxidized S (SO42) was ﬂushed from wetlands leading to acidic
pulses (Eimers et al., 2008b). The intensive monitoring during 2012
Fig. 5. Mass balance estimates for SO42, Ca2þ, Mg2þ and Kþ for PC1 and PC1-08 between 1980 and 2012. Dashed lines represent an increase in deposition inputs of 20% to
incorporate additional dry deposition inputs based on throughfall measurements at Plastic Lake made by Neary and Gizyn (1994).
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Fig. 6. Relationship between annual drought days and peak SO42, peak depression in pH and peak Al concentration in the fall at PC1 between 1980 and 2012.
S.A. Watmough et al. / Atmospheric Environment 146 (2016) 15e2724showed that the decline in pH and increase in Al in response to the
resumption of ﬂow following drought is not immediate as base
cations (Ca2þ shown) buffer the response when ﬂow initially re-
sumes. It is only when the stream ﬂow increases and Ca (and other
base cations) can no longer buffer the high SO42 that pH falls to
approximately 4.5 and Al increases consistent with what would be
expected from gibbsite dissolution. In contrast to other reports,
DOC concentrations in the fall are lowest immediately post-
drought and increase during the acidic pulse when pH declines,
suggesting that DOC concentrations are more strongly inﬂuenced
by changes in redox and biological processes rather than changingacidity or ionic strength related to SO42 which has been suggested
to occur in other regions (Clark et al., 2006; Monteith et al., 2007).
These data also show that peak Al or pH depressions, which are of
most concern to biota can be relatively short-lived and therefore
not necessarily captured in routine lake monitoring programs that
at best have monthly sampling regimes, but more often are sea-
sonal or once-annual (e.g. spring overturn).
Sampling frequency at PC1 over the past 30 years has been
typically weekly, with more frequent sampling occurring during
select study periods (associated with speciﬁc studies) or during
peak ﬂow events in the spring and fall. The magnitude of SO42
Fig. 7. Change in stream ﬂow, DOC, SO42, Ca2þ, Al and pH during an intensive sampling campaign between May 1st and October 31st, 2012.
S.A. Watmough et al. / Atmospheric Environment 146 (2016) 15e27 25export has been linked to drought severity (Eimers et al., 2008b), as
longer droughts result in greater water table drawdown (Eimers
et al., 2008b) and presumably greater exposure of peat to air and
more S oxidation. We found that the severity of drought (expressed
as the number of days when stream ﬂow ceases) is positively
correlated with peak fall SO42 and Al concentrations and peak pH
depressions, such that minimum pH values or maximum Al con-
centrations measured in the fall during the 2000s were oftengreater than values measured during the 1980s. As it is these pa-
rameters that most strongly affect aquatic biota, climate-driven
peaks in Al and Hþ have the potential to delay biological recov-
ery, especially inwatersheds with high proportions of organic soils.
With climate projections for more severe droughts in this region,
and in other parts of North America (Christensen et al., 2007;
Colombo et al., 2007; Hayhoe et al., 2007), legacies of acid depo-
sition may continue for decades.
S.A. Watmough et al. / Atmospheric Environment 146 (2016) 15e27265. Conclusion
Large reductions in SO2 and, more recently, NOx emissions in
Canada have resulted in substantial improvements in precipitation
chemistry at Plastic Lake, with the pH of bulk precipitation
increasing by almost 1 pH unit over the past 30 years. In contrast,
improvements in surface water chemistry have been muted, in part
due to continued losses of base cations from soils (soil acidiﬁcation)
and partly due to excess SO42 export from the catchment. At the
wetland draining catchment acidic pulses measured in the 2000's
were just as severe as pulses recorded in the 1980s when SO42
deposition was almost three times higher. Forecasting the long-
term response of soils to reduced acid deposition under a chang-
ing climate is needed to fully assess the need for further reductions
in SO42 deposition.
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